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ABSTRACT
Bright quasars, observed when the Universe was less than one billion years old (z >5.5), are known to
host massive black holes (∼109 M), and are thought to reside in the center of massive dark matter
overdensities. In this picture, overdensities of galaxies are expected around high redshift quasars.
However, observations based on the detection of Lyman Break Galaxies (LBGs) around these quasars
do not offer a clear picture: this may be due to the uncertain redshift constraints of LBGs, which
are selected through broad-band filters only. To circumvent such uncertainties, we here perform a
search for Lyman Alpha Emitting galaxies (LAEs) in the field of the quasar PSO J215.1512−16.0417
at z ∼5.73, through narrow band, deep imaging with FORS2 at the VLT. We study an area of 37
arcmin2, i.e. ∼206 comoving Mpc2 at the redshift of the quasar. We find no evidence for an overdensity
of LAEs in the quasar field with respect to blank field studies. Possible explanations for these findings
include that our survey volume is too small, or that the strong ionizing radiation from the quasar
hinders galaxy formation in its immediate proximity. Another possibility is that these quasars are not
situated in the dense environments predicted by some simulations.
Subject headings: cosmology: observations — galaxies: high-redshift – quasars: individual (PSO
J215.1512−16.0417)
1. INTRODUCTION
Quasars are among the most luminous sources in the
Universe, hosting supermassive black holes (as massive
as MBH & few × 108 M) that reside in the center of
massive galaxies. Quasars have been observed at high
redshift (z &5.5, e.g. Fan et al. 2006, Willott et al. 2010,
Morganson et al. 2012, Ban˜ados et al. 2014, 2016, Car-
nall et al. 2015) up to z ∼7 (e.g. Mortlock et al. 2011,
Venemans et al. 2013, 2015). Metallicity estimates based
on the intensity of broad emission lines (e.g. Barth et
al. 2003, De Rosa et al. 2011) and observations of dust
and molecular gas reservoirs (e.g. Walter et al. 2003,
Maiolino et al. 2005, Riechers et al. 2009; see for a re-
view Carilli & Walter 2013) suggest that the host galax-
ies of these quasars have already experienced sufficient
star formation to pollute the interstellar medium with
metals, up to close-to-solar abundances. The presence
of apparently evolved systems so early in the history of
the Universe (i.e. ∼1 Gyr from the Big Bang) sets con-
straints on the current scenario of structure formation
and galaxy evolution. Models of massive black hole for-
mation in the early Universe invoke the direct collapse of
a massive gaseous reservoir (e.g. Haehnelt & Rees 1993,
Begelman et al. 2006, Latif & Schleicher 2015), the cre-
ation of black hole seeds from the collapse of PopIII stars
(e.g. Bond et al. 1984), or the interplay between gas col-
lapse, star formation and dynamical processes (e.g. De-
vecchi & Volonteri 2009; see for a review Volonteri 2010).
In all these cases, the process of gas cooling and fragmen-
tation drives the formation of both massive black holes
and stars. A coexistence of fast-accreting black holes
and star forming galaxies is thus expected at these very
early cosmic epochs. Also, mergers among these galax-
ies may funnel black hole growth and could explain the
onset of the black hole – host galaxy scaling relations
(see, e.g. Jahnke & Maccio´ 2011). The subsequent re-
lation observed between the latter and the hosting dark
matter halo suggests that these high-z quasars, harbor-
ing black holes of ∼109 M, are expected to reside in
massive dark matter halos of ∼ 1013 M (e.g. Fer-
rarese 2002, Wyithe & Loeb 2003), where also a large
number of galaxies are expected to form (Overzier et al.
2009). These structures can eventually evolve into large
gravitationally bound systems in the present Universe
(with a large scatter in mass, from groups to clusters,
e.g. Springel et al. 2005, Overzier et al. 2009, Angulo et
al. 2012). Observational attempts to detect these high-
redshift galaxies in the vicinities of high redshift quasars
complement the aforementioned theoretical predictions.
One of the most efficient and successful methods to iden-
tify high redshift galaxies is through the Lyman Break
technique (drop-outs or Lyman Break Galaxies, LBGs):
absorption by neutral hydrogen causes a break in the ob-
served galactic spectrum, apparent from abrupt change
in colors (e.g. Steidel et al. 1996).
A number of studies investigated the presence of the the-
oretically expected galaxies around z ∼6 quasars, us-
ing the Lyman Break technique. However, the picture
sketched out by observations is far from clear. For in-
stance, Stiavelli et al. (2005) found an overdensity of
LBGs in the field of the bright z ∼6.28 quasar SDSS
J1030+0524, based on i775 and z850 images taken with
the Advanced Camera for Surveys (ACS) at the Hub-
ble Space Telescope (HST, with a field of view of ∼
11 arcmin2, corresponding to an area of ∼65 comoving
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Mpc2 [cMpc2] at z ∼6). On the other hand, Kim et
al. (2009) studied the environment of five z ∼5 quasars,
again searching for LBGs through HST ACS imaging:
they estimated that the fields around two quasars are
overdense, two underdense and one consistent with a
blank field. Simpson et al. (2014) investigated the en-
vironment of the most distant quasar to date, ULAS
J1120+0641 (z ∼7), recovering no evidence for the pres-
ence of an overdensity of galaxies (using data from HST
ACS). Studies on scales larger than ACS HST also do not
provide an unambiguous scenario. Utsumi et al. (2010)
found an enhancement in the number of LBGs in the
field of the quasar CFHQS J2329-0301 (z ∼6.4), observed
with the Suprime Camera at the Subaru Telescope,
whose field of view covers an area of∼900 arcmin2(∼4600
cMpc2). Recently, Morselli et al. (2014) showed that four
z ∼6 quasars were situated in overdense environments,
based on a search for LBGs with deep multi-wavelength
photometry from the Large Binocular Camera (LBC) at
the Large Binocular Telescope (whose field of view covers
a wide area of ∼ 575 arcmin2 ∼3100 cMpc2). Conversely,
Willott et al. (2005) imaged three SDSS quasars at z >6
with GMS-North on the Gemini-North Telescope (whose
field of view is ∼ 30 arcmin2, amounting to ∼170 cMpc2
at z ∼6), recovering no clear signs for an overdensity of
LBGs.
The different findings may be ascribed to different rea-
sons, e.g. the depths reached in the observations, di-
verse techniques/selection criteria considered, different
survey areas (and therefore scales) probed, and the di-
verse fields inspected, which may be intrinsically differ-
ent. More importantly, the Lyman Break technique, us-
ing broad-band filters whose pass-bands normally span
∆λ ∼ 1000 A˚, does not provide an accurate redshift
determination (∆z ∼1, equals to line of sight distances
∆d ∼ 850 cMpc or 120 physical Mpc [pMpc] at z ∼6).
Any possible overdensity may be diluted over this big
cosmological volume (Chiang et al. 2013), taking into
account that the Universe is homogeneous at scales &
70-100 h−1 Mpc (Wu et al. 1999, Sarkar et al. 2009).
Samples of photometric LBGs, selected without a large
number of broad band filters, are likely to be contam-
inated by foreground sources (e.g. lower-z, red/dusty
galaxies).
A more secure approach to identify high redshift galax-
ies is to look for sources with a bright Lyα emission (Ly-
man Alpha Emitters, LAEs). Such narrow line emis-
sion can be recovered by specific narrow band filters
(∆λ ∼ 100 A˚). An immediate advantage, with respect
to the LBG selection, is that the redshift range covered
is much narrower (∆z ∼ 0.1, corresponding to ∆d ∼ 44
cMpc∼ 7 pMpc at z ∼6), i.e. an overdensity member-
ship can be clearly established. LAEs are believed to
be mostly low-mass galaxies, spanning a range of stellar
masses of ∼ 106−108 M and ages of ∼1−3 Myr (e.g.
Pirzkal et al. 2007, Ono et al. 2010). However, a non
negligible fraction of massive galaxies (with masses up
to ∼1011 M), and galaxies hosting older stellar popu-
lation (∼ 1 Gyr) has been also found among LAEs (e.g.
Pentericci et al. 2009, Finkelstein et al. 2009, Finkelstein
et al. 2015). Ban˜ados et al. (2013, hereafter B13) car-
ried out the first and, until the present work, only search
for LAEs at scales &1 pMpc around a z >5.5 quasar1.
They used a collection of broad and narrow band filters
at the Very Large Telescope (VLT). No strong evidence
was found for an enhancement in the number of LAEs
with respect to the blank field.
Here we present a search for LAEs in the field
around the Broad Absorption Line quasar PSO
J215.1512−16.0417 (hereafter PSO J215−16). It has
a bolometric luminosity of 3.8×1047 erg s−1, with 0.2
dex of uncertainty, and a black hole mass of 6.7×109
M, with an uncertainty of 0.3 dex. The redshift is
z=5.732±0.007, measured from the OI emission line
(λrest = 1307 A˚). This line is the brightest and clear-
est among the emission lines observed in the spectrum
of the quasar. As a further check, other emission lines
were fitted (NV, SII, CII). The redshift estimates ob-
tained are consistent (with a scatter of ∼0.02) within the
astrophysical systematic uncertainties (Morganson et al.
2012). The structure of this paper is as follows: we de-
scribe the observations and data reduction in Section 2.
In Section 3 we present our LAEs selection criteria. In
Section 4 we study the environment of the quasar on the
base of the candidates found in the previous section. In
Section 5 we simulate a population of z ∼5.7 LAEs to
which compare our results. In Section 6 we place our
work in the context of the current clustering studies. In
Section 7 we discuss our results. Finally, in Section 8 we
present our conclusions and outline possible future steps.
All magnitudes reported here are in the AB system
and corrected for the galactic dust extinction following
Schlafly & Finkbeiner (2011) . We use a ΛCDM cosmol-
ogy, with H0 = 70 km s
−1 Mpc−1, ΩM = 0.3, ΩΛ = 0.7:
this implies that 1 arcmin ∼ 2.36 cMpc ∼ 0.35 pMpc at
z=5.73 (the redshift of the quasar studied here).
2. OBSERVATIONS AND DATA REDUCTION
We obtained multi-wavelength photometry of the field
around the quasar PSO J215−16 with the FOcal Re-
ducer/low dispersion Spectrograph 2 (FORS2, Appen-
zeller & Rupprecht 1992) at the VLT. The observations
were obtained over nine nights in 2013, June, July and
August. We used the red sensitive detector consisting of
two 2k×4k MIT CCDs. In order to decrease the read out
time and noise, we adopted a 2×2 binning. The resulting
pixel size is 0.25 arcsec/pixel and the total field of view
is equal to 6.8×6.8 arcmin2, i.e. 2.38×2.38 pMpc2.
We collected images in two broad band filters
R SPECIAL (R, with a central wavelength λc = 6550 A˚,
and a width ∆λ = 1650 A˚) and z GUNN (z, λc =
9100 A˚, ∆λ = 1305 A˚), and in the narrow band fil-
ter FILT815 13+70 (NB, λc = 8150 A˚, ∆λ = 130 A˚).
The filters allow us to select LAEs at redshifts between
5.66 . z . 5.75 (∆z ∼ 0.1), i.e. at the precise red-
shift of the quasar studied here. Using the broad filters,
LBGs can be selected in a redshift range of 5.2 . z . 6.5
(∆z ∼ 1.3). The filter throughputs, together with a syn-
thetic LAE spectrum at the redshift of the quasar, are
shown in Fig. 1.
1 Previously, also Decarli et al. (2012) searched for Lyα emission
around two z >6 quasars through narrow band imaging with HST,
but their study was limited to far smaller scales (∼1 arcmin∼0.35
pMpc).
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Figure 1. Set of filters used in the present study, R SPECIAL (R,
short-dashed blue line), z GUNN (z, long-dashed red line) and the
Narrow Band filter FILT815 13+70 (NB, dot-dashed green line). In
solid black line, a synthetic spectrum of a Lyman Alpha Emitter
(LAE) at the redshift of the quasar studied in this work (z ∼5.7).
The individual exposure times in each frame are 240 s
in R, 115 s in z and 770 s in NB. Each exposure was ac-
quired with a dithering of ∼10′′, in order to account for
bad pixels and remove cosmic rays. The total exposure
times are, respectively, ∼1.13, 2.11 and 8.56 hr in the R,
z and NB filter.
We perform a standard data reduction: we subtract from
each exposure the bias, we apply the flat field and we sub-
tract the background, then the images are aligned and
finally combined; the astrometric solution was derived
with astrometry.net (Lang et al. 2010). A composite
RGB image of the quasar field is shown in Fig. 2.
The seeing values of the stacked images are equal
to 0.′′78 in R, 0.′′81 in z and 0.′′79 in NB. In order to
circumvent uncertainties due to different apertures or to
the angular resolution of the images, we match the Point
Spread Function (PSF) of the R and NB images to the
one of the z filter frame (the one with the worst seeing),
using the IRAF task gauss. We calculate the photometry
using, as reference sources, field stars retrieved from the
Pan-STARRS1 catalog (Magnier et al. 2013). We calcu-
late the conversion between the two different filter sets
by interpolating spectra of standard stars. The relations
found are :
R = rP1 − 0.277× (rP1 − iP1)− 0.005 (1)
z = zP1 − 0.263× (zP1 − yP1)− 0.001 (2)
NB = iP1 − 0.626× (iP1 − zP1) + 0.014 (3)
where rP1, iP1, zP1 and yP1 are the magnitudes in the
Pan-STARRS1 filters.
The obtained zero points values are 27.77 ± 0.04 in R,
27.12 ± 0.02 in z and 24.85 ± 0.04 in the NB filter. We
calculate the noise in our images by computing the stan-
dard deviation of flux measurements in circular apertures
of 3 pixels radius that were placed randomly in empty re-
gions in the images. This is the radius of the aperture
over which we perform our photometry, as discussed be-
low. We achieve limit magnitudes at 5σ level of 26.47,
25.96 and 26.38 mag in the R, z and NB frames.
In order to identify sources from the images, we use
the software SExtractor (Bertin & Arnouts. 1996) in
the double image mode, requiring a minimum detection
threshold of 1.8σ. Since we expect LAEs to be strongly
detected in the NB filter, we take this frame as the base
of our selection. We cut the outskirts of the frames and
mask saturated stars, where both the astrometry and the
photometry were less reliable. The final effective area is
equal to 37 arcmin2 (i.e. ∼206 cMpc2 at the redshift of
the quasar).
We perform the photometry of the sources over an aper-
ture of 3 pixel radius (0.′′75). For our frames this is equal
to 1.8×seeing: i.e. we encompass more the ∼90% of the
flux and, at the same time, maximize the signal-to-noise
ratio.
We consider only sources with signal-to-noise ratio
S/N>4 in the NB filter, and adopt a 2σ upper limit in
R and z for non-detections in the broad band images
(27.46 in R and 26.95 in z). Sources non detected in
the broad bands are allowed in the catalog, and we sub-
stitute the R and z values with the respective 2σ limit
magnitudes. Finally, we use the ‘flags’ parameter given
by SExtractor in order to discard unreliable detections,
rejecting sources with flags ≥ 4 (i.e. objects saturated,
truncated, or whose aperture data are incomplete or cor-
rupted); the final catalog encompasses 3250 sources.
We extrapolate the cumulative count for the sources de-
tected in our NB frame, in order to estimate the com-
pleteness function of our study at the faint end (see
Fig. 3). We compute the logarithmic cumulative num-
ber counts of sources detected in NB as a function of NB
magnitude. We fit it with a linear relation (in log-mag
space) for 21<NB<25, and extrapolate it towards the
faint end. The completeness is computed as the ratio
between the expected number counts from the logN-logS
extrapolation and the actual number of detected sources.
Our catalog reaches a completeness of 80% and 50% at
NB magnitudes of 26.3 and 27.1, respectively.
3. SELECTION OF HIGH REDSHIFT GALAXY
CANDIDATES
In this work we follow the color selection defined in
B13, and briefly described hereafter.
LAEs are expected to be well detected in the narrow
band and to show a break in the continuum emission.
More precisely, we required our LAE candidates to sat-
isfy the following criteria:
• (z−NB) > 0.75
We request the flux density in the NB to be at
least twice the one observed in the z filter. This
cut implies that we are selecting objects with an
Equivalent Width (EW) of the Lyα line in the rest
frame greater than 25. A˚ (see Section 5).
• (R−z) > 1.0
We expect lower flux at wavelength shorter than
the Lyα emission line, i.e. a break in the spectrum,
which can be identified by requiring a very red R-z
color. In case a source is not detected in R or z, we
adopt the 2σ limit magnitudes.
• |(z−NB)| > 2.5×√σ2z + σ2NB
We want to select only objects with a significant
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Figure 2. RGB composite image of the field around the quasar PSOJ215−16. In magenta we show the position of the sources only
observed in the narrow band, but not detected (at 2σ confidence level) in the R and z filters (see Section 3, Fig 3 and Table 1.). The
position of the quasar and masked regions around bright stars are also shown. The total area analyzed is 37 arcmin2.
Figure 3. Detection completeness function for the sources in our
catalog, as a function of NB magnitude (see text for details). With
a red, long-dashed line we show the 4σ limit magnitude estimated
from the image noise, which corresponds to a level of complete-
ness of 67%. We show the 80% and 50% completeness levels (at
magnitudes of 26.3 and 27.1, respectively), with blue, dot-dashed
lines.
flux excess in the NB. Therefore, we adopt a con-
strain in order to discard all the objects satisfying
our selection criteria only due to their photometric
errors.
• NB > 18
Since LAEs are expected to be faint sources at
these redshifts, we impose a lower limit to the ob-
served NB magnitude. However, we note that there
are no objects with NB<18 that satisfy all the pre-
vious criteria.
In Fig. 4 we show the (z−NB) vs (R−z) color-color dia-
gram, together with our high redshift galaxies selection.
LAEs are expected to fall in the upper right part. In
summary, we find no secure detections of LAEs in our
field, i.e. no sources fully satisfy all the selection criteria
described above. We observe six sources with a detection
in the NB, that are not detected in both R and z frame.
The (z2σ,lim-NB) color ranges from a value of 0.45 to 1.5.
In the following analysis, we conservatively consider all
these six sources as LAE candidates; however, we stress
that, in order to know if these objects would fully sat-
isfy our criteria, deeper R and z band observations are
needed.
In Table 1 we report their coordinates, the NB magni-
tudes, the projected distances from the quasar, the esti-
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Figure 4. Color-Color diagram of the sources in our field detected
in the NB filter with SNR>4. The sources detected with a signifi-
cance lower than 2σ, only in the z or in the R filter, are shown as
magenta and cyan triangles respectively. Orange arrows indicate
objects undetected in both R and z (6 sources). Our selection cuts
for LAEs are displayed with green dashed lines; LAEs should fall
in the upper right panel (see Section 3 for the complete set of our
criteria). No LAE candidates are securely found in our field. The
red point in the lower right corner corresponds to the quasar.
mated Lyα luminosities and the Star Formation Rates
(which are within the expectations for typical z ∼ 6
LAEs, SFR∼6+3−2 M yr−1, Ouchi et al. 2008; see Ap-
pendix A). Their postage stamps in the three filters are
shown in Fig. 5.
4. STUDY OF THE ENVIRONMENT
In order to study the environment of the quasar PSO
J215−16, we compare our findings both to earlier quasar
environment studies, and to blank fields (i.e. fields where
no quasars are present). In Fig. 6 we show the cumu-
lative number counts, rescaled to our effective area (37
arcmin2), of LAEs found in two blank fields, Ouchi et al.
(2008) and Hu et al. (2010), and in the field of another
z ∼5.7 quasar, B13. The number counts of the objects
found in this work are corrected taking into account the
completeness of our catalog at the respective NB magni-
tude.
Ouchi et al. (2008) and Hu et al. (2010) searched for
LAEs at redshift z =5.7 in seven SuprimeCam fields and
in the Subaru/XMM-Newton Deep Survey (SXDS), re-
spectively. The total areas covered in the two studies are
∼1.16 and ∼1 deg2. The difference between the number
counts of these two measurements may be ascribed to the
fact that Hu et al. (2010) consider only the spectroscopi-
cally confirmed sources in their sample, while the sample
of Ouchi et al. (2008) is based on the photometric se-
lection, possibly affected by contaminants but also char-
acterized by a higher completeness level. The present
work and B13 are carried out with the same filter set
and instrument, and assuming consistent selection crite-
ria. Even if we consider all the sources detected solely
in the NB filter in our work as LAE candidates (see Sec-
1.3
>27.46
4.5
26.50
1.3
>26.95
-2.0
>27.46
11.8
25.45
0.2
>26.95
-0.2
>27.46
4.8
26.43
0.5
>26.95
1.4
>27.46
7.4
25.96
1.8
>26.95
1.2
>27.46
5.9
26.20
1.0
>26.95
1.6
>27.46
4.6
26.48
1.7
>26.95
R NB z
ID6
ID5
ID4
ID3
ID2
ID1
Figure 5. Postage Stamps centered on the sources detected only
in the NB, in a region of 12′′×12′′. The magnitudes and S/N in the
three bands are also reported in top left and bottom right corner,
respectively.
tion 3), the number counts would be consistent with the
blank field measurements and with B13.
Therefore, there is no evidence for an overdensity of
LAEs at the redshift of the quasar.
5. SIMULATION OF LAE
We estimate the fraction of LAEs that we expect to
detect, based on observations of blank fields, our filters
set, and our image depths. We aim to assess, given the
set-up of our observations, our ability to recover a pop-
ulation of galaxies that is gravitationally bound to the
quasar.
We adopt a distribution of LAEs according to the lumi-
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Table 1
Source names, sky Coordinates, NB magnitudes (AB system) and projected distances to the quasar of the objects
retrieved in our field with a detection in NB (at S/N>4) and a non–detection in the broad bands. Also, we show
the luminosities of the Lyα emission line and the star formation rates (SFRs) as estimated in Appendix A. The
errors on the SFRs are derived from the photometric uncertainties on the narrow band magnitudes, and do not
account for systematics in the underlying assumptions .
ID RA DEC magNB Angular Comoving Physical LLyα SFR
Distance Distance Distance
(J2000.00) (J2000.00) [AB] [arcmin] [cMpc] [pMpc] ×1042 [erg s−1] [M yr−1]
ID1 14:20:31.1 -16:04:59.2 26.50 ± 0.22 2.79 6.58 0.98 > 1.9 ± 0.4 1.2 ± 0.2
ID2 14:20:28.1 -16:04:05.9 25.45 ± 0.09 2.55 6.00 0.89 > 5.1 ± 0.4 3.2 ± 0.3
ID3 14:20:26.0 -16:03:39.7 26.43 ± 0.21 2.74 6.46 0.96 > 2.1 ± 0.4 1.3 ± 0.2
ID4 14:20:33.9 -16:02:55.9 25.96 ± 0.14 0.74 1.75 0.26 > 3.2 ± 0.4 2.0 ± 0.2
ID5 14:20:36.3 -16;03:23.0 26.20 ± 0.17 0.88 2.08 0.31 > 2.5 ± 0.4 1.6 ± 0.2
ID6 14:20:28.7 -16.01:23.8 26.48 ± 0.22 2.14 5.05 0.75 > 2.0 ± 0.4 1.2 ± 0.2
Figure 6. Cumulative number counts of LAEs observed in two
blank fields, i.e. not containing quasars, by Ouchi et al. (2008) and
Hu et al. (2010) (blue and green dots) and in the field of the z=5.7
quasar ULAS J0203+0012 by B13 (red diamonds). All the num-
ber counts are re-scaled to our effective area. Also, we show the 4σ
limit magnitude in this work (dashed line). In the present study we
retrieve six possible LAE candidates (magenta squares, see Section
3). The number counts of this work are corrected taking into ac-
count our completeness at the corresponding NB magnitudes. We
have no evidence for an overdensity around the quasar. The errors
reported are the poissonian noise for small counts (Gehrels 1986).
nosity function reported by Ouchi et al. (2008, with pa-
rameters L*=6.8 ×1042 erg s−1, Φ* = 7.7×10−4 Mpc−3
and α=-1.5). We then create a synthetic population
of LAEs, drawing objects from the luminosity function
through the Monte-Carlo method. We modeled the
LAEs as composed by a flat, continuum emission (Lcont
= LLyα/EW) and a Lyα emission line, implemented as a
Gaussian function, with FWHM at rest-frame of 200 km
s−1 (corresponding to typical line widths for LAEs, e.g.,
Ouchi et al. 2008). We account for the absorption due
to the intergalactic medium using the reshift-dependent
recipe given by Meiksin (2006), and assume an exponen-
tial distribution of equivalent widths at rest frame (Zheng
et al. 2014, N = e−EW/50A˚). Our mock spectra are ran-
domly distributed in the redshift range 5.52 < z < 5.88
and cover down to a luminosity of LLyα = 10
41 erg s−1.
This results in synthetic magnitudes in the filters used in
this work. We consider the sources detected with our NB
image depth, at 4σ magnitude limit. We substitute the
z and R broad band magnitudes with their respective 2σ
limit magnitudes, in case their values were fainter than
our detection limits. We considered the synthetic LAEs
detected by our color selection criteria (see Section 3),
and all the sources not detected in both the broad bands
but detected in NB.
In Fig. 7, we show the EW at rest-frame and Lyα lu-
minosity distributions of all our generated LAEs, of the
subsample in the redshift range 5.6< z <5.78 (the win-
dow in which we find LAEs in our simulation), and of
LAEs recovered by the criteria presented in this study.
We recover sources with a minimum EW at rest frame of
25 A˚, and a Lyα luminosity of 1.32×1042 erg s−1. The
last value is in agreement with what obtained if one cal-
culates the limit LLyα by considering that all the flux
observed in the NB filter, at our 4σ limit, is due the line
emission (∼1.72×1042 erg s−1, see Appendix A).
We normalize the total number of simulated sources
to the number of objects expected in a blank field, in
a cosmological volume equal to the one analyzed here,
where we use a line-of-sight depth of 40 cMpc (see Sec-
tion 1). Integrating the LAE luminosity function down
to the Lyα luminosity limit considered in the simula-
tion (1041erg s−1) we expect to measure 81.4 sources.
Taking into account our depth and selection criteria, we
recover 28% of the original sample. Therefore, we expect
to observe ∼23 LAEs in a field of the same cosmologi-
cal volume as our study. We actually selected six LAEs
candidates in our images; correcting for a completeness
level of 67% at our NB magnitude limit (see Fig. 3), we
obtain 8 objects. This comparison suggests that the field
surrounding PSO J215−16 might be less than ∼3 times
less dense than the blank field, in agreement with what
is shown in Fig. 62.
We report in Fig. 8 the logarithmic distribution of the
LAEs systemic velocities with respect to the quasars,
again, for all our simulated sample and for the objects de-
tected as LAEs. The quasar is not located at the center of
the redshift range covered by our selection. Nevertheless
2 We note that Ouchi et al. (2008) states that their completeness
level at their last luminosity bin (NB = 26) is estimated to be
50%−60%. Therefore, the last point of the blue curve in Fig 6
should be corrected accordingly.
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Figure 7. Equivalent width at rest-frame and Lyα luminosity of
all our synthetic templates of LAEs (grey), of sources in the redshift
range 5.61<z<5.77 (blue), and of the ones detected as LAEs by our
selection criteria (red points). The upper and right panels show the
distribution of EW and Lyα luminosity, respectively. The red, solid
lines shows the minimum EW and Lyα luminosity retrieved (25 A˚
and 1.32×1042 erg s−1, respectively).
we can still recover a significant fraction of galaxies even
at the red edge. If we assume that LAEs that are gravi-
tationally bound to the quasar are distributed following
a Gaussian function centered on the quasar systemic ve-
locity and a width of σ ∼ 500 km s−1, we calculate that,
given the shifted position of the quasar, we can recover
56% of the total LAE population. If we assume a veloc-
ity dispersion of ∼1000 km s−1, our estimate decreases to
53%. Several studies (e.g. Hashimoto et al. 2013, Song
et al. 2014) suggest that the Lyα emission could be red-
shifted with respect to the systemic velocity of the source
by ∼200 km s−1. If this would be the case, we would be
affected even more. Nevertheless, we find that the frac-
tion of observed objects in this case would decrease only
to 49% and 48% (in case of σ=500 km s−1 and 1000 km
s−1, respectively). Thus, even in the most extreme sce-
nario, we can still recover &50% of the expected LAEs
present in the proximity of PSO J215−16. However, it is
necessary to consider that our observed counts are also
affected by Poisson noise and cosmic variance. Trenti &
Stiavelli (2008) provide estimates on the variance of the
observed number counts, taking into account both Pois-
son noise and cosmic variance, and based on a variety of
parameters (e.g. the survey volume and completeness,
the halo filling factor and expected number of objects)3.
In our case, we consider a cosmological volume V given
by our field of view and a redshift interval of ∆z∼0.16,
centered on z=5.69 (V∼14900 cMpc3, see Fig. 8); an in-
trinsic number of objects equals to the one recovered by
our LAE simulation (23), a completeness of 67% (see Sec-
tion 2 and Fig. 3) and a Sheth-Tormen bias calculation.
Kovacˇ et al. (2007), studying the clustering properties
3 http://casa.colorado.edu/~trenti/CosmicVariance.html
of LAEs at z ∼4.5, find a value for the duty cycle of
high redshift LAEs varying within 6%−50%. We con-
sider here both extreme cases. However, Kovacˇ et al.
(2007) consider a sample of LAEs with a minimum EW
of 80 A˚; since our EW limit is lower (25 A˚, see Fig. 7),
we expect that the halo filling factor for our case would
be closer to 50%. Then, we expect to observe 15 ± 7 (9)
sources in the case of a duty cycle of 6% (50%), where
the fractional uncertainty due to cosmic variance and
Poisson noise are 36% (49%) and 26% (in both cases),
respectively. These results are consistent within 1.3σ,
in the first case, and 1σ in the second case with what
expected in the present study. Conversely, we can also
obtain a rough estimate of the cosmic variance, for a
population of galaxies for which we know the expected
number density in a certain volume, following Somerville
et al. (2004). They use cold dark matter models to de-
rive the expected bias (b) and root variance of the dark
matter (σDM) as a function of galaxy number density
and survey volume, respectively (see their Fig. 3). We
consider our survey volume as reported above, and an
expected number density obtained integrating the LAE
luminosity function until the Lyα luminosity limit from
our simulation (∼10−3 cMpc−3); we derive a fractional
cosmic variance of σv = bσDM ∼0.66 for a population of
galaxies at z=6. This value is higher than what recovered
using the method illustrated by Trenti & Stiavelli (2008);
however the cosmic variance is not a trivial quantity to
estimate, and depend on several assumptions considered
in the models, e.g. the LAEs halo filling factor. Con-
sidering the latter value obtained, we would expect to
detect 23 ± 15 sources, which, taking into account our
completeness, is consistent within 1σ with the observa-
tions reported here. Also, considering a clustering sce-
nario, e.g. consistent with the LAE-LAE clustering case
(see Ouchi et al. 2003 and Section 6), we would obtain
26 ± 18 sources, consistent with the observed ones.
6. CLUSTERING
We may also study the environment of PSO J215-16
through a clustering approach. If quasars and galaxies
are indeed clustered, the excess of probability to find
a galaxy at a distance r from a quasar, with respect
to a random distribution of sources, can be estimated
through the two-point correlation function (Davis & Pee-
bles 1983):
ξ(r) = (r/r0)
−γ (4)
where r0 and γ are the correlation length and cluster-
ing strength, respectively. In order to account for red-
shift distortions on the line of sight, we can consider
instead the volume-averaged projected correlation func-
tion. This is ξ(r) integrated over a line-of-sight distance
d = 2vmax/aH(z) (with vmax maximum velocity from
the quasar) and within a radial bin of width [Rmin,Rmax]
(Hennawi et al. 2006):
W (Rmin,Rmax) =
∫ d/2
−d/2
∫ Rmax
Rmin
ξ(r)2pidRdr
V
(5)
where V is the volume of the cylindrical shell:
V = pi(R2max − R2min)d (6)
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Figure 8. Velocity distribution of mocked LAEs, with respect to
the systemic velocity of PSO J215−16 (short-dashed, blue line).
In black we report the distribution of all the simulated sources,
while in red only the sources recovered as LAEs. The velocity
window encompassing +500 km s−1/-500 km s−1 with respect to
the quasar is shown with long-dashed, green lines. The velocity
window is not centered on the redshift of the quasar, but we still
recover &50% of the expected galaxies population gravitationally
bound to the quasar.
Therefore, the number of galaxies that we expect to find
around a quasar within a volume V in the presence of
clustering is:
NC = N(1 +W (Rmin,Rmax)) (7)
In case of no clustering, the number of sources expected
is:
N = nV (8)
where n is the number density of galaxies per cMpc−3,
above a certain limit in luminosity. In this scenario, N
is equal to the number of galaxies found in a blank field
within a cosmological volume V.
In this study, we calculate n by integrating the LAE lu-
minosity function (Ouchi et al. 2008) down to the lu-
minosity limit obtained by our simulation (1.32×1042erg
s−1, see Section 5). We consider a line-of-sight distance
given by vmax = 4000 km s
−1 (consistent with the in-
terval probed by our NB selection, see Sections 1 and 5,
and Fig. 8), Rmin = 0.001 cMpc and increasing values of
R = Rmax.
In Fig. 9 we show the number of galaxies expected as
function of R in case of no clustering (eq. 8), and in dif-
ferent scenarios of quasar-galaxy clustering (eq. 7). Since
there are currently no studies of LAE-quasar clustering
at high redshift, we consider for comparison some other
illustrative cases. We take values of r0 and γ obtained by
observations of galaxy-quasar clustering at lower-z and
LAE-LAE and quasar-quasar clustering at z ∼ 5. In-
deed, studies of galaxy-quasar clustering at z ∼1 (Zhang
Figure 9. Expected number of LAEs, given the depth reached
in this study, as a function of projected distance from the quasar,
in case of no clustering (e.g. a random distribution of sources,
yellow solid line), and for some illustrative clustering scenarios,
taken from observational studies (Zhang et al. 2013, Ouchi et al.
2003 and McGreer et al. 2016, short-dashed, long-dashed and dot-
short-dashed line, respectively, see text for details). The counts
of LAEs observed in this study are reported (not corrected for
completeness). Also, we report the LAEs found by B13, and their
expected number of sources in case of no clustering, taking into
account the depth of their study (dot-long-dashed line). For the
sake of clarity, we do not report the respective cases of clustering
scenarios. We show the field of view (F.O.V.) encompassed by our
study. The errors are the poissonian noise on small counts from
Gehrels (1986). The counts of the observed LAEs are consistent
with what expected in a blank field.
et al. 2013) estimate r0=6 h
−1 cMpc and γ=2.14. Ouchi
et al. (2003) derive the clustering properties of LAE at
z = 4.86 from a sample of objects detected in the Sub-
aru Deep Field, for which they obtain r0 = 3.35 h−1
cMpc and γ=1.8. At high redshift, constraints on the
quasar-quasar clustering properties are given by the dis-
covery of a close bright quasar pair, with only 21′′ sep-
aration, at z∼5 (McGreer et al. 2016). The correlation
function derived from this pair gives r0 >20 h
−1 cMpc
and γ=2.05. We show the number of LAEs found in this
study. We also report the objects recovered by B13 and
the number of sources expected in their study in case of
no clustering (since their observations are shallower than
the ones presented here, with a Lyα luminosity limit of
3.74×1042erg s−1, the number of background sources ex-
4 We note, however, that the galaxies studied by Zhang et al.
(2013) are not selected as LAEs but by considering all the sources
in the quasar field recovered in the SDSS-Stripe 82 catalog brighter
(in the i-band) then a certain threshold value, which depends on
the field depth. This selection comprehends also passive and red
galaxies.
5 These values are in agreement with the ones found by Shen
et al. (2007, r0=25.0 h−1 cMpc and γ=2), based on a sample of
lower redshift (z > 3.5) bright SDSS quasars. However, we note
that other quasar clustering studies, such as Eftekharzadeh et al.
(2015), suggest much smaller clustering scales, with r0=7.59 h−1
cMpc (obtained from a lower luminosity, z∼3.4, quasar sample; see
also Section 7).
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pected is lower). Our number counts are consistent with
a scenario of no clustering (i.e. the background counts,
in line with what obtained in Section 4), and do not show
evidence of strong clustering in neither of the two quasar
fields.
7. DISCUSSION
We do not find evidence for an overdensity of LAEs in
an area of ∼37 arcmin2 centered on the z =5.73 quasar
PSO J215−16. Here we investigate possible scenarios to
explain our findings.
• The overdensity is more extended than our field of
view
Overzier et al. (2009) and, more recently, Muldrew
et al. (2015), through a combination of N-body sim-
ulations and semi-analytical models, find that over-
densities of galaxies at z∼6 are expected to be very
extended, and can cover regions up to ∼25−30 ar-
cmin radius, corresponding to &20 pMpc at that
redshift. In the present study we cover only a re-
gion of ∼1 pMpc transversal radius, and we might
be missing a large part of a potential overdensity.
We would like to stress that, in the hypothesis that
the quasar occupies the center of a z ∼6 overden-
sity similar to the one found by Toshikawa et al.
(2014) in a blank field, searches in area of ∼2−3
pMpc should still show evidence of an enhancement
in the number of galaxies with respect to a blank
field.
From an observational perspective, enhancements
in the number of galaxies around quasars have
been reported on rather modest scales, compara-
ble to ours or even smaller. However, there are
indications, based on LBGs searches, that some
quasars are surrounded by overdensities on larger
scales, even if a further spectroscopic confirmation
is needed (see Section 1).
In Table 2 we show a summary of the findings ob-
tained by diverse studies, where they considered
different areas and techniques.
In our case, in order to discard or confirm this sce-
nario, we would need further observations covering
a wider area (e.g with a radius of &20 arcmin).
• The ionizing emission from the quasar is prevent-
ing structure formation in its immediate proximi-
ties
Strong radiation from a bright quasar can ionize its
nearby regions (up to ∼1−5 pMpc radius around
z ∼6 quasars, e.g. Venemans et al. 2015), with an
increase in both the temperature and ionized frac-
tion of the Intergalactic Medium (IGM), and in the
intensity of the local UV radiation field.
The effects on the visibility of the Lyα radiation
in this region are not straightforward to deduce.
As a consequence of the increase in the UV back-
ground radiation field, a higher Lyα transmission
flux value is expected around the quasar with re-
spect to the typical IGM environment at the same
redshift (Bruns et al. 2012). However, in addition
to the rise in the UV background, also the nearby
IGM temperature increases. Thus, the isothermal
virial temperature necessary for gas accretion in
the dark matter halo is higher, and the mass needed
to form a structure increases (Jeans-mass filtering
effect, Gnedin 2000). Even if the Lyα transmis-
sion flux is supposed to be higher, the formation of
galaxies itself is suppressed, especially for objects in
the low-mass end (e.g. Shapiro et al. 2004). Utsumi
et al. (2010) invoke this effect in order to explain
the absence of galaxies in a region of ∼3 pMpc ra-
dius around a z∼6 quasar (see Section 1 and Table
2). Given the typical sizes of quasar’s ionized re-
gions, and that in our study we cover scales of only
∼2 pMpc, suppression of galaxy formation due to
the quasar ionizing radiation might explain the lack
of LAEs.
• The bulk of the overdensity population is composed
by dusty/obscured galaxies.
Observations find that host galaxies of z >5
quasars contain a considerable amount of dust
(∼108−109 M) and molecular gas (∼1010 M, see
Carilli & Walter 2013 for a review). They are al-
ready characterized by a metal-enriched medium,
comparable to what is observed at low redshift
(e.g. De Rosa et al. 2011). One might foresee
that also the galaxies assembling in the proxim-
ity of the quasar might be characterized by a high
dust/molecular gas content. Indeed, Yajima et al.
(2015), implementing a 3D radiation transfer code
in a high resolution cosmological simulation, show
that overdense regions at z ∼ 6, where quasars are
supposedly found, host more evolved, disk-like and
massive (Mstar ∼1011 M) galaxies, with respect
to an average field at the same redshift. They are
characterized by a strong dust extinction (i.e. a
low UV radiation escape fraction, fesc .0.1), and
a powerful star formation (SFR&100 M yr−1);
therefore they are very bright in the IR, with LIR
as high as ∼ 4×1012 L. These massive and
highly obscured objects, whose detection in the
UV rest-frame might be hindered by absorption
and/or strongly dependent on orientation effects,
rather than LAEs (i.e. young, dust-poor star form-
ing galaxies), may be a more suited tracer for high
redshift, massive overdensities.
Further studies of the environment of high red-
shift quasars with sub-mm facilities (in particular
ALMA, which already successfully detected z ∼ 6
field galaxies, e.g. Capak et al. 2015, Willott et al.
2015) would permit to test this scenario, allowing
us to recover a possible population of dusty galax-
ies in the quasar field. However, we note that, due
to the small field of view of ALMA (with a size of
∼ 20′′, corresponding to ∼ 800 ckpc ∼ 110 pkpc
at z ∼ 6), we would be able to search only the
most proximate region around the quasar. A re-
cent study of the fields around three z>6.6 quasars
with ALMA did not find an excess of dusty galax-
ies in a region of 65 ckpc radius (Venemans et al.
2016).
• Quasars at high redshift do not inhabit massive
dark matter halos
The quasar two-point correlation function at low
redshift (z .2.5), as derived from both the 2dF
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Table 2
List of z>5 quasars whose large-scale fields were inspected for the presence of galaxy overdensities. We
report the quasars names, redshifts, literature references, instruments used and area covered in each
study (in comoving and physical Mpc2 at z ∼6). The references are coded as: (1) Stiavelli et al.
(2005), (2) Willott et al. (2005), (3) Zheng et al. (2006), (4) Kim et al. (2009), (5) Utsumi et al.
(2010), (6) Husband et al. (2013), (7) Ban˜ados et al. (2013), (8) Simpson et al. (2014), (9) Morselli et
al. (2014), (10) McGreer et al. (2014) , (11) this work. All these studies, except for Ban˜ados et al.
(2013) and this work which searched for LAEs, are based on i-dropout selection. We report also
whether the fields were found overdense (+), underdense (-) or consistent (0) with respect to a
comparison blank field. We note cases in which the same field was found consistent with a blank field
when inspected on small scales, while overdense when studied over larger scales (e.g. SDSS
J1048+4637 and SDSS J1148+0356). The overdensity reported by Utsumi et al. (2010), even if found
with the Subaru SuprimeCam, spreads across an area of ∼ 3Mpc radius, therefore it would have been
detected also by searches over smaller fields of view.
Object Redshift Ref Instrument FoV FoV Overdensity
[cMpc2] [pMpc2]
ULAS J0203+0012 5.72 (7) VLT FORS2 250 5.6 0
SDSS J0338+0021 5.03 (6) VLT FORS2 250 5.6 +
SDSS J0836+0054 5.82 (3) HST ACS 65 1.4 +
SDSS J1030+0524 6.28 (1) HST ACS 65 1.4 +
(2) GMOS-N 170 3.7 0
(4) HST ACS 65 1.4 +
(9) LBT LBC 3136 64.0 +
SDSS J1048+4637 6.20 (2) GMOS-N 170 3.7 0
(4) HST ACS 65 1.4 0
(9) LBT LBC 3136 64.0 +
ULAS J1120+0641 7.08 (8) HST ACS 65 1.4 0
SDSS J1148+0356 6.41 (2) GMOS-N 170 3.7 0
(4) HST ACS 65 1.4 -
(9) LBT LBC 3136 64.0 +
SDSS J1204−0021 5.03 (6) VLT FORS2 250 5.6 +
SDSS J1306+0356 5.99 (4) HST ACS 65 1.4 -
SDSS J1411+1217 5.95 (9) LBT LBC 3136 64.0 +
SDSS J1630+4012 6.05 (4) HST ACS 65 1.4 +
CFHQS J2329−0301 6.43 (5) Subaru SuprimeCam 4600 83.3 +
CFHQS J0050+3445 6.25 (10) HST ACS & WFC3 29 0.6 -
PSO J215.1512−16.0417 5.73 (11) VLT FORS2 206 4.5 0
QSO Redshift Survey (Croom et al. 2005) and the
SDSS (Ross et al. 2009) quasar sample, shows that
quasars are commonly associated with average-
mass dark matter halos (i.e. MDMH ∼ (2-3)×1012
M), far less massive than the most massive halos
at the same redshift (∼1014 − 1015 M), indepen-
dently of the quasar luminosity.
At higher-z (3.5. z .5.4) the scenario is less clear:
based on the SDSS sample, Shen et al. (2007) cal-
culate an average dark matter host halo mass of
(4-6)×1012 M, slightly higher than the results
at lower redshifts. However, more recent studies,
based on the final SDSS III-BOSS quasar sample,
do not find a clear evolution of quasar clustering
from z ∼ 0 to z ∼ 3 (Eftekharzadeh et al. 2015)6.
From a theoretical point of view, there have been
studies suggesting that quasars also at high red-
shift (z&5) inhabit dark matter halos with average
masses (i.e. less massive than the most massive
halos at that epoch). In particular, Fanidakis et
al. (2013) perform simulations based on the semi-
analytical model GALFORM, in order to study the
relation between quasars and dark matter halos up
to z ∼6. They show that, in case of models in
which AGN feedback is considered, the masses of
the dark matter host halos are roughly ∼ 1012 M,
from z ∼0 to z ∼6: this is an order of magnitude
lower than the most massive halos at z ∼6 obtained
6 We note that the quasars considered here are less massive than
the ones studied by Shen et al. (2007)
in the same simulation, and is in agreement with
observations at low redshift. However, as argued
by Simpson et al. (2014), it is worth to notice that
the simulations by Fanidakis et al. (2012) fail to
create the most massive black holes (M&109 M)
at z ∼6, while they appear only at z ∼4. There-
fore, the claims reported here are to be taken with
caution, and may not hold in every scenario.
8. CONCLUSIONS
We studied the environment of the z=5.73 quasar PSO
J215−16 searching for LAEs using broad and narrow-
band VLT imaging, on Mpc-scales, i.e. ∼2 pMpc ∼14
cMpc at the redshift of the quasar. This is the second
study in which we do not find evidence of an overden-
sity of Lyα emitting sources in a quasar field, compared
to blank fields (see also B13). These results may be ex-
plained by a variety of different scenarios (i.e. the over-
density is spatially more extended than our field of view,
or galaxy formation is prevented by the quasar’s ionizing
radiation, or the galaxies in the field are mainly dusty, or
the quasar is not central to a massive dark matter halo
in the early Universe).
Studies on wider areas (>20 arcmin radius, corre-
sponding to ∼8 pMpc ∼ 47 cMpc at the redshift of the
quasar), with the support of further, multiwavelength
observations (i.e. IR/sub-mm), are required in order to
discriminate among these scenarios.
However, it is intriguing to note that overdensities
of galaxies around radio-loud sources (both radio-loud
galaxies and AGN) have been extensively reported (e.g.
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Venemans et al. 2007, Wylezalek et al. 2013) through-
out a wide redshift range (0< z <4), and for a couple
of cases even at z &5.2 (Venemans et al. 2004, Zheng
et al. 2006). In the future, it appears to be worthwhile
to repeat our experiment on z > 6 radio-loud quasars,
whose sample has been substantially increased recently
(Ban˜ados et al. 2015), to potentially target the earliest
galactic structures.
Based on observations made with ESO Telescope at the
La Silla Paranal Observatory, under program ID 091.A-
0677(A).
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APPENDIX
STAR FORMATION RATE ESTIMATES OF LAE CANDIDATES
We infer here a star formation rate (SFR) estimate for our possible LAE candidates. We use as SFR tracer the
luminosity of the Lyα emission line.
We obtain the integrated luminosity of the Lyα line from the flux density observed in the narrow band filter (fNB):
LLyα = fNB4pid
2
L∆νNB (A1)
where dL is the luminosity distance at the redshift of the quasar and ∆νNB the width of the narrow band filter.
In this estimate, we do not correct for the contribution of the continuum, expected to be very faint (none of our LAE
candidates are detected in the broad bands).
From LLyα we can derive the luminosity of the Hα emission line (LHα). Assuming the case-B recombination (Osterbrock
1989), the conversion is given by LLyα = 8.7 × LLHα. Then, we use the following relation between SFR and LHα
(Kennicut & Evans 2012):
log
SFRLyα
M yr−1
= log
LHα
erg s−1
− 41.27 (A2)
We obtain SFR estimates in the range between (1.2±0.2)−(3.2±0.3) M yr−1 (all the SFR values, together with the
respective LLyα, are reported in Table 1) In all our analysis, we do not consider possible absorption due to the galactic
dust. Even if LAEs are thought to be rather dust-poor objects (e.g. Garel et al. 2015), there have been evidence for a
non negligible fraction of dusty LAEs (Pentericci et al. 2009). The interstellar neutral gas, its geometry and dynamic,
gives also an important contribution to the effective Lyα photon escape fraction. Indeed a higher LHα/LLyα ratio
is expected in case of a lower Lyα photon escape fraction. Finally, we neglect the effect of the significantly neutral
intergalactic medium at the high redshift under consideration.
All these contributions concur in reducing the estimated SFRs: the values reported here can thus be considered only
as lower limits.
LYMAN BREAK GALAXIES ANALYSIS
In addition to the LAE selection, we also search for LBGs using the dropout technique. Since LBGs are expected to
be characterized by a strong UV continuum, observed in the z filter, we use the catalog obtained taking the z frame
as our reference image. We consider all the sources with S/N>4 in z, and we apply only a selection using the broad
band filters: we ask for a red R-z color (R-z>2) and, since we expect galaxies at these redshift to be faint, we require
z>21.
We recover 37 LBG candidates: we report the color-magnitude (R-z) vs z in Fig. 10. It is worth to notice that, in the
selection of LBG candidates, we are mainly limited by the depth of the R image (R2σ = 27.46) rather than by the z
one; indeed, the faintest sources with (R2σ−z)>2 would have z≤25.46 in our analysis (z5σ,lim = 25.96).
For comparison, we refer to the works by Brammer et al. (2012) and Skelton et al. (2014), who compiled catalogs for
some well-known extra-galactic fields, completed with spectroscopic and photometric information. We consider four
fields, that can be used as comparison blank fields for our study: All-wavelength Extended Groth Strip International
Survey (AEGIS), the Cosmic Evolution Survey (COSMOS), the Great Observatories Origins Survey Northen field
(GOODS-N) and the UKIRT InfraRed Deep Sky Survey (UKIDSS) Ultra Deep Field (UDS).
We selected LBG candidates from the catalogs imposing the same selection criteria as in the present study. In order
to account for the different image depths, we consider only sources with z and R magnitude lower than the limits in
our field (z< z5σ,lim = 25.96 and R< R2σ,lim = 27.46). The GOODS-N and UDS fields are shallower than our images in
both R and z and only in the z frame, respectively. In these cases, we take as limits the corresponding values provided
by Skelton et al. (2014) (z5σ,lim,GOODSN = 25.5, R2σ,lim,GOODSN = 27.19 and z5σ,lim,UDS = 25.9).
We also consider the sample of LBG candidates recovered by B13 around ULAS J0203+0012 (20 sources), where they
used an analogous selection method as the one described here. They reach limit magnitudes in the z and R bands of
z5σ,lim,B13 = 25.14 and R2σ,lim,B13 = 27.29.
In Table 3 we report information on the comparison fields and on our field, i.e. coordinates, effective areas,
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Figure 10. Color-magnitude diagram (R-z) vs z. In grey points all the sources detected in our field, considering the z frame as reference.
The LBG candidates found from the z frame (37) are reported in blue squares. We show with vertical dashed lines the lower limit on the z
magnitude (z > 21) and the 5σ upper limit (z=25.96). The horizontal line highlights our color criteria. The diagonal dashed line displays
the 2σ limit magnitude in the R frame. The objects not detected in the R frame at 2σ level are reported in blue triangles. The red diamond
shows the quasar position.
Table 3
Field names, coordinates, effective areas and technical characteristics for the R and z filters of our comparison fields and the
one studied here. The areas analyzed in this study and in B13 differ due to the diverse masking. References from the
literature are: (1) Hildebrandt et al. (2009), (2) Erben et al. (2009), (3) Capak et al. (2004), (4) Furusawa et al. (2008), (5)
Ban˜ados et al. (2013), (6) This work.
Field RA DEC Effective Area λc,R ∆λR λc,z ∆λz Instrument Reference
(J2000.0) (J2000.0) [arcmin2] [A˚] [A˚] [A˚] [A˚]
AEGIS 14:18:36.00 +52:39:0.00 88 6245 1232 8872 1719 MegaCam@CFHT (1), (2)
COSMOS 10:00:31.00 +02:24:0.00 154 6245 1232 8872 1719 MegaCam@CFHT (1), (2)
GOODS-N 12:35:54.98 +62:11:51.3 93 6276 1379 9028 1411 Suprime-Cam@Subaru (3)
UDS 02:17:49.00 05:12:2.00 192 6508 1194 9060 1402 Suprime-Cam@Subaru (4)
B13 02:03:32.38 00:12:29.06 44 6550 1650 9100 1305 FORS2@VLT (5)
This work 14:20:36.39 -16:02:29.94 37 6550 1650 9100 1305 FORS2@VLT (6)
literature references and characteristics of R and z filters. Although the different fields were imaged with slightly
different filter sets, the redshift windows covered are large (∆z ∼ 1.2) and corresponding to the one spanned in the
present study7. We report the cumulative number counts, scaled to our effective area, of the sources found in the
four blank fields and around the quasars (Fig. 11). The difference between the counts obtained in the UDS field with
respect to the counts in the other blank fields may be due to a diverse contribution of contaminant sources. Indeed,
the UDS field was imaged through a R filter slightly redder than the ones used in the other fields (see Table 3): this
might turn into a more conservative selection of high-redshift LBGs. Recent studies suggest also that the UDS field
might be intrinsically underdense in z∼6 galaxies with respect to other well-known fields (Bowler et al. 2015, Bouwens
et al. 2015).
We can compare the cumulative number counts of LBGs in the field of the quasar studied here with the ones found in
the comparison blank fields. In order to avoid incompleteness issues in the low-luminosity end, we take only sources
with R<Rlim,5σ, considering the GOODSN field, which is the shallowest among our fields (Rlim,5σ=26.2). Taking into
account our color selection criterion, we obtain a resulting z magnitude limit of 24.2. At this limit, the counts of the
LBG candidates in our quasar field is consistent within 1σ with the counts in the UDS field, and lower than the ones
in AEGIS, COSMOS and GOODS-N fields by ∼1.7, 1.3 and 1.1σ respectively. The quasar field analyzed here appears
only marginally (∼1.1σ) denser than the one studied in B13. These results are hence in agreement with B13, where
no overdensity of LBGs with respect to a blank field was found.
Some general caveats are to be taken into account. Considering our broad selection criteria, both our sample and the
ones derived from the comparison fields might be contaminated by red, lower redshift sources. We employ the further
information provided in the catalogs of the comparison fields in order to better characterize the sources retrieved by
our LBGs selection. We can consider the available photometric redshift estimates, computed with the public code
EAZY (Brammer et al. 2008), which take into account all the photometric information present in the catalog. We
take only the objects with a reliable redshift estimate, as based on the quality parameter Qz (Qz < 2.0, see Brammer
et al. 2008), and for which zphot ≥5.0. Only the 6%, 10%, 4% and 9% of the LBG sample from, respectively, AEGIS,
COSMOS, GOODS-N and UDS field could be identified as high-redshift galaxies (see Table 4), while the vast majority
7 With the filters used, in the AEGIS and COSMOS fields we
span 5.2 . z . 6.3, ∆z ∼ 1.1, in the GOODS-N field 5.2 . z . 6.4, ∆z ∼ 1.2, while in the UDS field 5.4 . z . 6.5, ∆z ∼ 1.1. In thepresent study and in B13 we are selecting sources in 5.2 . z . 6.5,
∆z ∼ 1.3.
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Table 4
Field names, total number of LBG candidates
retrieved by our photometric cuts and number of
sources with photometric redshift estimates
corresponding to zphot ≥ 5.
Field Number LBGs Number phot LBGs
AEGIS 176 11
COSMOS 257 26
GOODS-N 186 7
UDS 187 17
was better fitted by a z∼1 galaxy model. This simple test shows how the selection criteria used here, without the help
of further bands, lead us to a highly contaminated sample.
In summary the LBGs selection also does not reveal a possible overdensity around the quasar. However, due to
the wide redshift range considered, an enhancement in the number of LBGs in the quasar field would represent an
indication, more than solid evidence, for the presence of an overdensity of galaxies in the proximity of the quasar.
Figure 11. Cumulative Number Counts of LBGs at z∼6. All the counts are scaled for the effective area in our study. We report the
candidates found around the z=5.73 quasar PSO J215−16 (red squares) and the quasar ULAS J0203+0012 (orange triangles, B13), slightly
shifted with respect to the other fields in order to avoid confusion. We show the sources selected, using the same selection criteria and
image depth, in four comparison blank fields (AEGIS-cyan, COSMOS-brown, GOODS-N-blue and UDS-green circles). The result obtained
considering all the blank fields together is shown with black circles. The errors are taken from the poisson noise in case of low counts
statistics (Gehrels 1986).
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